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Abstract. Bioplastics are materials processed from renewable natural resources and equipped with competitive properties,
which aim to replace traditional oil-based plastics in sustainable food packaging. Since bioplastics are most often targeted
to replace current alternatives in the same production processes and machines, their functionality in processing and above
all in end use is vital for the change to take place smoothly. The aim of this study was to determine how process parameters,
especially forming depth and moulding temperatures, affect the 3D-formability of plastic alternatives in thermoforming
process. A bioplastic sample, Cellulose Acetate Propionate (CAP), selected according to the requirements of the end-use
application and oil-based competitor, APET/EVOH/PE multilayer plastic, as a reference were tested in forming
experiments. Sample materials were tested using an industrial grade Form-Fill-Seal (FFS) thermoforming line equipped
with a custom-designed sheet-forming chamber. The final products, i.e. thermoformed tray packages, were evaluated by
measuring their torsional stiffness and compression strength. Based on the results, the more than half thinner Bioplastic
sample was found to have notably sufficient properties for the thermoforming process and the manufacture of the test
package. From the point of view of processability and the functionality of the final product, both samples were found to be
applicable, and the change of material type between them does not cause measures greater than fine-tuning of the
thermoforming process.

1. INTRODUCTION

Bioplastics are materials processed from renewable natural resources and equipped with competitive
properties, which aim to replace traditional oil-based plastics in sustainable packaging. According to European
Bioplastics, a plastic material is defined as a bioplastic if it is either bio-based, biodegradable, or features both
properties [1].

Certain applications of bioplastics may represent areas of large-scale potential replacement. For example,
biodegradable materials for packaging and other short-lived use sectors are viable, since they constitute a large
part of the total plastics production [2]. In recent years there has been an increased interest from the food, packaging
and distribution industry toward the development and application of bioplastics for food packaging [3]. Since
bioplastics are most often targeted to replace current alternatives in the same production processes and machines,
their functionality in processing and above all in end use is vital for the change to take place smoothly.

The aim of this study was to determine how process parameters, especially forming depth and moulding
temperatures, affect the 3D-formability of different plastic alternatives in thermoforming process.
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2. MATERIALS AND METHODS

2.1 Materials

The applicability and processability of thermoformable plastics were investigated in series of preliminary tests.
Based on the results, two sample materials were selected for the forming trials. APET/EVOH/PE multilayer plastic
(AMB Packaging (San Daniele del Friuli, Italy) AMBAR Rigid 38/6BAS5 TS was found to be a suitable commercial
oil-based reference material for the manufacturing of the test package. The processing window of bioplastic sample
was aimed to be as similar as possible to the oil-based reference material one and thereby the Cellulose Acetate
Propionate (CAP) sample material was chosen for the forming experiments. The bioplastic sample was produced by
the VTT Research Center of Finland. Considering the benefits that can be achieved by source reduction, the bio-based
material was chosen to be thinner than the oil-based reference. Measured properties of the sample materials are
presented in Table 1. Tensile testing was performed according to standards SFS-EN ISO 527-1 and SFS-EN ISO 527-
3. The testing was done with the Instron 4505 universal material tester (Instron Corp. Norwood, Massachusetts, USA)
with an Instron 2665 Series high-resolution digital extensometer. The samples were stored at 23°C and 50% relative
humidity for 5 days before trials.

TABLE 1. Material properties of the samples.

Properties Reference/AMBAR Bioplastic/CAP
Thickness [um] 300 140
Tensile strength MD [MPa] 50.0+5.0 25.6+2.1
Tensile strength TD [MPa] 51.0+5.0 25.8+0.7

2.2 Methods

Sample materials were tested using an industrial grade Form-Fill-Seal (FFS) thermoforming line Variovac Primus
(Zarrentin, Germany) equipped with a custom-designed sheet-forming unit that is integrated into the forming chamber.
The device is normally used for moulding web-shaped materials, but with the special unit it was possible to process
samples in sheet form. The tray production equipment is described in more detail in earlier study [4].

In the thermoforming process, sample material sheets are heated and formed either by vacuum, air pressure or a
combination thereof. The primary difference between sheet forming and web forming methods is the absence of
preheating prior to forming. This results in the material being heated only during the forming process, which causes
the material to be formed at a higher temperature than in web-fed systems in which the material is preheated separately
before forming. The sheet forming unit and thermoforming tool used in the experiments are shown in Fig.1.

FIGURE 1. Custom-designed sheet forming system and the used forming tool.

The process parameters were initially optimized separately for both materials, which describes the changes
necessary for process control due to material change although reasonably similar samples in terms of processability
were targeted. This was done by varying forming parameters: forming temperature, forming time, forming pressure,
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and forming configuration (vacuum forming, air pressure forming, or a combination thereof). Based on the results of
the preliminary tests, the forming temperature and moulding depth were selected as variables for the experiments.
Three temperatures were used in the experiments: 160°C, 170°C and 180°C and two depths of the tray: 15 mm and
30 mm. The temperature values were chosen so that they were inside the process window, and it was possible to form
good quality tray packages from both sample materials. By varying the depth, the target was to find out how the
change in geometry and the consequent thinning of the material due to increased stretching affects the stiffness of the
tray packaging. As for the other processing parameters, the optimized values were reasonably close to each other
between the samples, that the same parameters could be used in all samples: 2 sec forming time, 0.8 bar forming
pressure and forming was done without using vacuum.

The end-products of the processing, i.e. thermoformed tray packages, were evaluated by measuring their torsional
stiffness and compression strength. The rigidity of the thermoformed tray package is essential in its operation on the
packaging lines, in further processing and when handling manually after opening the lid. The torsional stiffness of the
thermoformed sample trays was tested with a device originally developed for testing paperboard trays [5]. The
measuring devices used in the experiments are presented in Fig. 2.

- B Al S, o .
FIGURE 2. Torsional stiffness tester on the left and compression strength tester on the right.

The device is based on the Chalmers Dynamic Tester apparatus [6] and the ASTM D1043-16 standard [7] and it
enables various testing procedures, such as evaluating the package rigidity in relation to factors such as material
properties and manufacturing process parameters. The operation of the device is described in more detail in a previous
study [8]. The trays were clamped during testing with one fixed holding clamp and one rotating holding clamp to
enable their twisting. First, the shorter side and then the longer side of the trays was twisted clockwise and then
counterclockwise with 10 g and 20 g weights, corresponding to torsional torques of 0.0294 Nm and 0.0588 Nm,
respectively. The torsion angle of the twisted trays was obtained from an angular measurement system of the tester to
indicate the torsional stiffness of the trays. The compressive strength of the thermoformed trays was analysed utilizing
a test jig [9] specially tailored for the measurement of tray packages, which was installed on a universal measuring
device Shimadzu AGS-10kNX (Shimadzu, Kyoto, Japan), with an accuracy of 1 % of the indicated test force. In the
experiments, the sample trays were compressed to 1/3 of their original height, and the required force was measured
with a force sensor integrated into the device.

3. RESULTS AND DISCUSSION

The tray packages were thermoformed from the sample materials in two depths, as shown in Fig. 3. The tray
quality was evaluated by visual inspection to be at least adequate and suitable for use in the packaging and retail chain.
This was achieved as described earlier by optimizing the processing parameters and therefore the strength properties
of the tray packages are comparable, as quality defects do not affect the results.
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FIGURE 3. Thermoformed tray samples before trimming the edges. In the front row, 15 mm and 30 mm deep tray packages
made of Bioplastic. The corresponding Reference samples in the back row.

In the tray torsion test with short side clamping (Fig. 4.), it was found, as expected, that increasing the weight
increased the angle of tray twist. Doubling the weight increased the twist angle with Reference material by approx.
103-105 percent, but with Bioplastic only by 80-82%. The change was the same in both depths of the sample tray.
With both sample materials, the deeper sample trays were stiffer. With the reference material, the 30 mm deep tray
was approx. 44% stiffer than the 15 mm deep one, and correspondingly approx. 37% stiffer with Bioplastic.

Torsion test with short side clamping
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FIGURE 4. Torsion stiffness of thermoformed trays with short side clamping.

In the tray torsion test with long side clamping (Fig. 5), the results were partly opposite to the measurement made
in the other direction. When twisting in this direction, the 15 mm deep trays were stiffer with both materials. The trays
made of the Reference material were approx. 66% stiffer and the ones made of Bioplastic approx. 40%, but it must be
noted that the twist angles are significantly smaller when the trays are bent in this direction. The effect of weight
increase on the twist angle was similar for both samples, it varied between 87-100%.
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Torsion test with long side clamping
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FIGURE 5. Torsion stiffness of thermoformed trays with long side clamping.

The twist caused by the used weights was not of such a magnitude that the trays were irreversibly damaged in the
tests. The deformation was elastic and the shape of all the trays could be restored manually. The reference trays nearly
restored their original shape after the load release. The samples thermoformed from the Reference material were
determined to be stiffer than Bioplastic ones, which was especially emphasized in the tests performed with the short
side clamping. The reference material trays were approx. 65% stiffer with a 15 mm depth and 41% stiffer with a 30
mm depth. When twisting the sample trays in the other direction, the difference was the opposite, as the trays made
of Bioplastic were stiffer. For example, the 30 mm deep tray was 25% stiffer than the Reference one, although the
rotation angles were smaller in this test. The results of the tray package compression tests shown in Fig. 6 indicate
that trays with smaller depths were able to resist compression better than deeper ones, this was especially emphasized
for the 15 mm deep tray made of the Reference material.

Compression test
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FIGURE 6. Compression strength of thermoformed sample trays.
CONCLUSION

From the point of view of processability and the functionality of the final product, both samples were found to be
applicable, and the change of material type between them does not cause measures greater than fine-tuning of the
thermoforming process. Based on the results, the more than half thinner Bioplastic sample was found to have
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completely sufficient properties for the thermoforming process and the manufacture of the test package. The choice
of a smaller thickness, made due to the pursuit of source reduction, was reflected in the difference in stiffness between
the sample trays, especially in the test performed with the shorter side clamp as the Reference material trays were
much stiffer in both tray depths. Surprisingly, when twisting the sample trays in the other direction, the difference was
the opposite, indicating that the tray stiffness in all directions could not be affected by the choice of material, which
was assessed to be due to the geometry of the test package. The forming trials were done with a narrow process
window in order to achieve a good quality of the trays, which can be deduced to be the reason that the effect of forming
temperature was found to be minor. In most cases, stiffer trays were produced at lower temperatures, but the opposite
effects can also be observed. The results of the tray package compression tests established that trays with smaller
depths are able to resist compression better than deeper ones, which can be assumed to be due to a smaller thinning of
the wall thickness, and thus the wall parallel to the direction of compression force can withstand more load without
buckling. The study showed that with the tested bioplastic sample, it is possible to reach the desired level of
processability and package functionality, but in further studies, the experiments should be extended to other bioplastics
and the requirements they set for forming equipment and process control.
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